Aims: Stem cell-based regenerative therapies for the treatment of ischemic myocardium are currently a subject of intensive investigation. A variety of cell populations have been demonstrated to be safe and to exert some positive effects in human Phase I and II clinical trials, however conclusive evidence of efficacy is still lacking. While the relevance of animal models for appropriate pre-clinical safety and efficacy testing with regard to application in Phase III studies continues to increase, concerns have been expressed regarding the validity of the mouse model to predict clinical results. Against the background that hundreds of preclinical studies have assessed the efficacy of numerous kinds of cell preparations -including pluripotent stem cells -for cardiac repair, we undertook a systematic re-evaluation of data from the mouse model, which initially paved the way for the first clinical trials in this field. Methods and Results: A systematic literature screen was performed to identify publications reporting results of cardiac stem cell therapies for the treatment of myocardial ischemia in the mouse model. Only peer-reviewed and placebo-controlled studies using magnet resonance imaging (MRI) for left ventricular ejection fraction (LVEF) assessment were included. Experimental data from 21 studies involving 583 animals demonstrate a significant improvement in LVEF of 8.59%
Introduction
Despite rapid advancements in both pharmacological and interventional treatment options, coronary heart disease remains the most common cause of death in Europeaccounting for 1.8 million deaths each year [1] . The quest for new therapeutic approaches to prevent adverse myocardial remodelling post-infarction and limit the subsequent development of irreversible heart failure gave rise to the field of cardiac stem cell therapy. Pivotal trials rapidly pushed stem cell therapies from bench to bedside, with small animal models in particular -namely mice and rats -serving as the basis for safety and efficacy testing [2] [3] [4] .
Since the first patient was treated with intracoronary infusion of bone marrow stem cells in 2001 [2] , numerous Phase I and Phase II studies have repeatedly shown the safety and feasibility of various cardiac stem cell therapies [5] . While these studies proved the excellent safety profile of the tested cell products, there still remains a paucity of data on efficacy because of the small numbers of patients included and the lack of statistical power. Accordingly, several groups are currently recruiting patients for Phase III clinical trials aiming to robustly address the issue of clinical efficacy of stem cell therapy for myocardial repair. [6] 
(NCT01768702, NCT02059512, NCT01569178)
Until now, clinical trials have largely utilised cell types from the bone marrow that are readily available. These do not necessarily reflect stem cell populations with high potential to regenerate myocardium, however [7] . Accordingly, pluripotent stem cells have been intensively investigated as a source for the generation of cardiomyocytes [8] , cells of the conduction system [9] or cardiovascular progenitors [10] . Clinical translation of these highly advanced cell products requires new methods for appropriate safety and efficacy testing with regard to application in patients. The role of animal models to meet these requirements and ensure a full understanding of the biology of stem cell-based therapies is substantially and continually increasing [11] .
Due to similarities in heart rate, anatomical and physiological parameters, large animal models have been advocated as superior to rodents in their ability to predict the results of clinical studies in cardiac regeneration [11, 12] . To our knowledge, however, there is no conclusive evidence supporting the contention that large animal models are superior to rodents -particularly mice -for efficacy testing of cardiac stem cell therapies.
Against the background that the mouse model is cost-effective, readily genetically modified and that over 25 years of experience in the field of murine embryonic stem cell research exists, we performed a meta-analysis to assess the validity of mouse models to predict improvement in left ventricular ejection fraction (LVEF) in clinical trials of regenerative stem cell therapy. To ensure comparability, we included only controlled studies, which assessed LVEF as a surrogate parameter for efficacy using magnetic resonance imaging (MRI), representing the gold standard for assessment of LVEF in humans.
Materials and Methods

Search strategy
Articles published on Medline between January 1980 and October 2015 were searched via PubMed using the following search terms: TERM A: "(Mouse) AND (stem cells OR progenitor cells OR bone marrow OR mesenchymal OR hematopoietic) AND (myocardial infarction OR cardiac repair OR myocardial regeneration)" and TERM B: "(Mouse) AND (stem cells OR progenitor cells OR bone marrow OR mesenchymal Eligibility criteria: Inclusion/exclusion of articles The abstracts of all studies retrieved by the above mentioned search terms were reviewed. Whenever the respective abstract did not provide enough data for a decision based on our predefined eligibility criteria (Fig. 1) , the material and methods section was carefully studied.
Data abstraction
The following information was extracted from complete manuscripts of eligible studies: basal characteristics of the study and LVEF. If necessary, data were estimated from graphics or recalculated by available data [13] . Standard deviations were determined or recalculated from standard errors and vice versa. In the final analysis, only studies using MRI for the assessment of LVEF were included. Data derived by echocardiography, nuclear imaging, or pressure-volume loops were excluded. In cases of missing data, corresponding authors were contacted, with two authors from six separate manuscripts responding [13] .
Data analysis
For the first time, we performed a random effects meta-analysis and fixed effects meta-regression analysis that included all available data on Medline regarding cardiac stem cell therapies post-acute myocardial infarction (MI) or in the setting of chronic myocardial ischemia in mice meeting our eligibility criteria. Our primary effect size was the difference in mean LVEF (reported in %) at follow up between control and treated animals. Both groups underwent MI induction. In the case of multiple measurements over time, data measured at the longest duration of follow up were used for analysis. Only data within the range of one to six weeks after cell application were included.
We have compared numerous statistical models and chosen the maximum-likelihood (ML) estimator [14] to conduct our random effects meta-analysis model. The subsequently obtained continuous variables are reported as weighted mean differences (calculated via the weighted least square algorithm), together with 95% confidence interval (CI), between cell-treated mice and control groups. Our choice to use the ML estimator rather than the restricted maximum-likelihood (REML) is based on the credibility interval of ML which is the same as the REML interval, but where ML covers the effects of nuisance parameters [15] .
Overall homogeneity of differences in mean LVEF of single studies was evaluated based on Cochrane's chi-squared test and the estimator τ 2 . As described in Higgins et al. [16] heterogeneity was considered significant at p<.1. Inconsistency was estimated by using the I 2 statistic; values of 25%, 50%, and 75% were considered low, moderate, and high inconsistency, known respectively as "Higgins rule of Thumb" [16] .
Using meta-regression analysis, the following subgroup analyses were performed: cell type ), number of injections (1-2; 3-4), measurement time points (1-3 weeks; >3 weeks), gender of recipient (female or male) and the injected cell types (human, mice).
Funnel plots, Egger's weighed regression and "the trim and fill method" of Duval et al. [17] were used to detect potential publication bias [18] .
All analyses were performed with R (Version 3.2.0). In particular, the meta-analysis was performed with the metafor package [19] and the statistical tests and power analysis were computed by using the pwr package [20] .
Results
Electronic searching identified 1,394 publications. After review of the respective abstracts -and where necessary the material and methods section -1,226 articles were excluded. Assessment of the remaining 228 papers resulted in 38 articles for detailed evaluation, including supplemental material. A final 21 studies involving 583 animals were identified to meet pre-specified inclusion criteria (Fig. 1 ). Our restrictive selection strategy aimed to identify a comparable group of controlled studies all using the same modality for LVEF assessment, a key consideration given the small size of the murine heart.
Study characteristics
A total of 583 mice from 21 studies containing 34 groups for comparison of the primary endpoint (LVEF) were included in the meta-analysis. All studies were published between 2006 and 2015. Only young adult animals, aged 8 to 16 weeks, were used. Myocardial infarction was induced by surgical permanent occlusion of the left anterior descending artery (LAD) in 28 groups and by surgical cryo-injury in one group. 100,000 to 3,000,000 cells suspended in saline, PBS or medium were injected directly into the myocardium using a syringe, constituting 5 -30µl applied via 1 -5 single injections. More details are provided in Table 1 . Treated animals received cell suspensions, whereas control animals received saline, PBS or medium (suspending agent) alone. LVEF served as a surrogate measure of effect in all studies. The follow-up period lasted from one to six weeks. Survival curves and mortality data were only provided by four studies and, thus, not included in the meta-analysis. Data on left ventricular end-diastolic volume and left ventricular end-systolic volume were not reported in seven groups and thus not considered. None of the studies included reported safety end points such as "Major Cardiovascular Adverse Events" (MACE). In 22 of the 34 included groups, immunodeficient mice were used, yet tumor -more precisely teratomaformation in animals receiving murine PSCs were reported in two of these groups only [21, 22] .
Meta-analysis
The random effects meta-analysis model revealed that cardiac stem cell therapies, including both adult and pluripotent stem cells, significantly improve left ventricular systolic function after ischemic damage in mice: cell injection leads to an increase in LVEF of 8.59% +/-2.36 (95% CI 3.7 -13.8; p=.012, Fig. 2 ) in treated animals in comparison to control animals receiving suspending agent only. This improvement is referred to as the "overall" effect in the following section.
The model was chosen after performing the test for homogeneity (p=.083, Fig. 3 ) and calculating the between-study variance (τ 2 =.01, Fig. 3 ), as well as inconsistency (I 2 =33.39%, Table 1 . Characteristics of included studies. ESC, embryonic stem cell; iPSC, induced pluripotent stem cell; fASC, fresh adipose tissue-derived stem cell; CMPC, cardiomyocyte progenitor cell; MSC, mesenchymal stem cell; EF, embryonic fibroblast; ESC-CM, ESC-derived cardiomyocytes; iPSC, induced pluripotent stem cell; eCM, embryonic cardiomyocyte; SM, skeletal myoblast; CMPC-CM, CMPC-derived cardiomyocytes; EPDC, epicardium derived cell; PBS, phosphate buffered saline; F, female; M, male; n/a, not applicable; 129Sv/J, CD-1, C57/BL6, 129/Sv: mouse strains; SCID, NOD/SCID SCID-beige: immune-deficient murine strains; n , number of animals (n c , control; n t , treated) Fig. 2 . Results of the meta-analysis visualized in a forest plot. Forest plot based on random effects model (maximum likelihood estimator; weights calculated by weighted least square algorithm) and difference in LVEF (reported in %) and the corresponding 95% confidence intervals. Fig. 3 ). Furthermore, no publication bias could be detected (Fig. 4) : funnel plots demonstrated symmetric behaviour and Egger's regression test for symmetry was not significant (p=.4).
Subgroup analysis
In addition to assessing the overall efficacy of cardiac cell therapies in mice, we also performed a subgroup analysis using meta-regression to explore the impact of different cell types, cell origin, cell number, recipient gender, follow-up time and number of injections on LVEF ( Table 2) . (EB). τ 2 is considered to be significant (p=.01) according to Salenti et al. [16] . I 2 evaluation according to Higgins et al. [56] : low (< 25%), moderate (25% -75%) and high (>75%) inconsistency.
Which cell type is most effective? Applied cells were divided into four subgroups: ESC (embryonic stem cells), iPSC (induced pluripotent stem cells), MSC (mesenchymal stem cells), CVC (cardiovascular cells) and MC (adult mesodermal cells). These led to an improvement in LVEF of 17.1% (ESC), 15.9% (iPSC), 9.9% (CVC), 7.5% (MSC) and 7.2% (MC) compared to the respective control group (Fig. 5 A) . However, there were no significant differences in efficacy between cell type (p=.48).
Impact of cell origin: Syngeneic, allogeneic and xenogeneic cells had significantly different impacts on LVEF improvement (3.45%, 11.89%, 9.2%; p=.046), favoring transplantation of allogeneic cells (Fig. 5 B) . 5 . Subgroup analysis to identify significant moderators. Meta-regression analysis of subgroups revealed factors that significantly influence the magnitude of the functional improvement afforded by cell therapies -using LVEF improvement as a surrogate marker for efficacy. A Cell type has no significant effect on the magnitude of LVEF improvement (p<.48). B Cell origin has an impact on efficacy: allogeneic cells are most effective (12.9%; p=.046). C Less than 500,000 cells are more effective than higher numbers (p=.013). D The highest increase in LVEF can be measured up to 3 weeks post-transplantation (p=.004). E Females benefit more from cardiac stem cell therapies than male mice (p=.003). F The overall effect of all investigated studies. *Marked as significant according to regression coefficient of the respective fixed-effects model. 
Number of injected cells:
The injection of less than 500,000 cells resulted in significantly higher LVEF improvements than the injection of 500,000 cells or more (LVEF improvement of 10.8% vs. 6.3%; p=.01; Fig. 5 C) .
Follow up time: LVEF improvements measured 1 to 3 weeks following cell injection were significantly higher compared with longer follow-up (> 3 weeks); (LVEF improvement of 10.6% vs. 5.3%; p=.004; Fig. 5 D) .
Female vs. Male: Female mice benefited significantly more from cardiac cell therapies than their male counterparts (LVEF improvement of 8.7% vs. 6.5%; p=.003; Fig. 5 E) .
Impact of other factors: No significant differences were observed between groups for the number of injections ( Table 2) .
Power-Analysis
Based on our results, we used the ∆ LVEF improvement as a surrogate measure of effect to perform a post hoc power analysis. Using our parameters (n=583, ∆ LVEF=8.59%, α=.05, one-tailed t test) we obtained a power of .81.
Discussion
This meta-analysis of 22 studies, including a total of 583 animals, was performed to assess the efficacy of cardiac cell therapies in mitigating post-MI contractile dysfunction in mice. Our analysis shows that intra-myocardial cell injection increases LVEF by 8.59% as measured by MRI. Moreover, meta-regression analyses performed to identify moderators responsible for the LVEF improvement indicate that:
i) Significantly greater increases in LVEF are associated with: a.
Application of allogenic cells (compared to syngeneic and xenogeneic); b.
Female animal recipients; c.
Less than 500,000 injected cells; d.
Follow-up times up to three weeks post-cell application.
ii)
Cell type and number of cell injections have no significant impact on the magnitude of LVEF improvement.
These findings are discussed in detail, below.
Relevance of the mouse model for efficacy testing of cardiac stem cell therapies
Studies using rodents have contributed significantly to recent advances in cardiovascular biology and provided proof-of-concept for the development of novel therapeutics [23] . However, the ability of small rodents -particularly the mouse model -to predict the results of human stem cell-based myocardial regenerative trials has been vigorously challenged [11] . This assumption is based on the premise that the anatomical and physiological differences between mice and humans are sufficient to lead to variant results between preclinical models and clinical trials. However, objective data corroborating this assumption are lacking. The most frequently quoted differences between human and murine hearts relate to divergences in calcium handling properties [24] , ventricular expression of motor proteins [25] , organ size and beating frequency, and coronary architecture [26] . That these fundamental differences can be clinically germane is exemplified by the finding that mice with heart failure benefit from phospholamban (PLN) ablation, whereas humans lacking PLN develop lethal dilated cardiomyopathy [24] .
Yet, it would be wrong to conclude from this observation that mice are inappropriate models to predict results of clinical stem cell therapy trials. Rather, such differences between mice and men highlight that an understanding of the mode of action of therapies is indispensable for the development of novel therapies using rodent models. As a corollary, the appropriateness of the mouse model to predict the clinical results of cardiac stem cell therapies depends fundamentally on the alleged targeted biological mechanism. Aiming at functional replacement of beating cardiomyocytes alone, fundamental interspecies physiological and anatomical differences might limit the validity of rodent results to predict clinical outcome [27] . However, when highly conserved biological pathways and processes are targeted, we believe the mouse to be a valid model for the prediction of clinical results of regenerative therapy. Beneficial effects of cardiac cell therapies have been mainly attributed to modulation of apoptosis [28, 29] , inflammation and angiogenesis [30] [31] [32] [33] . Intriguingly, these mechanisms are highly conserved biological pathways in mammals [34] [35] [36] . This corroborates our hypothesis that the mouse is a valid model to predict the magnitude of LVEF improvement in clinical trials of cell therapies for the treatment of ischemic myocardium. The mouse model is cheap, has a short reproductive cycle and can be easily genetically modified [26] , providing an excellent tool for studies of mode of action, proof-of-concept studies and biological safety testing [37] . Our meta-analysis reveals that application of cardiac cell therapies for treatment of ischaemic myocardium in mice results in an increase in LVEF by ~8.6%. This value is in striking agreement with results from the largest meta-analysis undertaken in large animal models (including 1,415 animals) which reported an increase in LVEF by 8.3% following stem cell application [38] .
At the point of having identified an attractive cell type for cardiac repair, the ultimate application of the respective cell preparation has to be made in animal models faithfully recapitulating the clinical setting. In this context, large animals with similar anatomical and physiological properties, like pigs, will play a predominant role in translational research. This applies particularly to points in the final steps from bench to bedside, such as the exact clinical scenario treated, route of application, the time point of cell administration, the choice of device for cell injection, safety of these tools and the biodistribution of cells in a model with similar anatomical proportions.
In this context, large animal models with anatomical and physiological properties similar to patients, enable the use of clinical relevant endpoints such as mortality, major adverse cardiovascular events (MACE), cardiac dimensions and hemodynamics.
Impact of cell source (allogeneic)
To the best of our knowledge, neither preclinical nor clinical studies have compared the efficacy of allogeneic versus autologous stem cells as regenerative therapy post-MI. Hare et al. [39] showed that both autologous and allogeneic MSCs are safe in the treatment of ischemic cardiomyopathy in patients. Furthermore, data from a meta-analysis in large animal models suggest that allogeneic MSCs are as efficacious as autologous MSCs in improving myocardial pump function [38] .
Our meta-analysis shows that use of allogeneic cells leads to significantly greater LVEF improvement than syngeneic cells. Even though syngeneic cell transplantation into inbred mice strains is not directly comparable to autologous cell transplantation, our results support the postulate that allogeneic cell application may provide an attractive alternative to autologous cell-based therapies. The allogeneic approach may allow for 'off the shelf' stem cell therapies and the use of highly potent cell preparations from young healthy donors.
Gender
To our knowledge, this meta-analysis is the second one to provide evidence that female sex is associated with greater responsivity to cardiac cell therapies. Our results are in agreement with a meta-analysis investigating the influence of patient characteristics on study results by meta-regression. In the latter study, male individuals benefitted less than females from intracoronary infused bone marrow stem cells for the treatment of acute myocardial infarction [40] . Interestingly, the relevance of gender specific approaches in the field of cardiovascular medicine has increased over the last few years. Both clinical and preclinical studies indicate that female sex favourably influences the remodelling and adaptive response to myocardial infarction [41] . Furthermore, a greater resistance of female myocardium to ischemia/reperfusion injury has been demonstrated in several animal models [41] . Increased angiogenesis, which might be mediated by estradiol-dependent pathways, has been suggested as a potential mechanism underlying these effects [42, 43] . Further evidence is required to elucidate the impact of sex on responsiveness to cardiac cell therapy.
Cell number
Different strategies have been proposed to improve the very low engraftment rates following intramyocardial cell injection [44] [45] [46] , a reasonable consideration when targeting functional replacement of deceased cardiomyocytes. With a primary goal of functional tissue replacement it seems logical that the effects of cell-based therapies will depend on the number of cells administered [47] . However, other modes of action underlying the beneficial effect of cardiac cell therapies beyond direct regeneration, such as paracrine effects, are currently assumed to predominate [32] . Notwithstanding this, little attention has been paid to date to dose-response relationships in the field of cardiac cell therapies. Meta-analyses of clinical studies have reported inconsistent results concerning the effect of administered cell number on LVEF improvement [5, [48] [49] [50] [51] .
Intriguingly, in our study meta-regression analysis revealed that -in mice -injection of cell numbers lower than 500,000 lead to significantly higher LVEF improvements. This suggests that paracrine mechanisms, as opposed to simple functional tissue replacement, are a key contributor to the observed improvement in LVEF.
Follow up
Both clinical and preclinical studies have reported that the positive effects of cardiac cell therapies on LVEF fade away during long-term follow up [13, 52] . Peak LVEF improvement has been assessed after six months in the clinical setting [52] and at up to one to two weeks in large animal models [13] . This is in line with the results from our meta-regression analysis showing that LVEF improvement is significantly higher within the first 3 weeks after cell application compared to longer follow-up times.
Number of cell injections
The number of cell injections did not have a significant effect on LVEF improvement. This correlation has not been directly investigated yet -either in clinical or preclinical studies. It has been speculated that intramyocardial injections disrupt tissue architecture and lead to inhomogeneous cell distribution within the infarcted area [47] . In order to provide robust data on both the optimal number of cells and individual injections, preclinical and clinical studies systematically addressing these questions for a specific cell type are necessary.
"Regenerative potential" of ESCs
The preclinical data obtained from our meta-analysis indicates that ESCs have a high potential to improve cardiac function following myocardial infarction (Fig. 5 A) . Early reports have suggested "guided" differentiation into cardiomyocytes of ESCs transplanted into healthy and ischemic myocardium [53] . This hypothesis has been refuted by Nussbaum et al. who showed that neither healthy nor ischemic myocardium guides differentiation of ESCs into cardiomyocytes [54] . In fact, undifferentiated ESCs form teratomas in both syngeneic and allogeneic recipients [54] , thereby strictly excluding them from therapeutic approaches.
While efficacy has been demonstrated for ESCs, their incapability to form cardiomyocytes in vivo suggests that modes of action beyond direct regeneration underlie the reported beneficial effect of intramyocardially transplanted ESCs.
Burt et al. showed that mitotically inactivated ESCs improve cardiac function although do not survive long-term, thus circumventing adverse effects such as tumour formation [55] . The proposed mode of action was transient function as an in vivo feeder layer that nurses damaged myocardium.
While further investigation is necessary to understand the mechanisms underlying improved cardiac function other than functional tissue replacement, our data demonstrate that the mouse is a valid model to address the efficacy of cell-based therapy post myocardial infarction.
Conclusion
To our knowledge, this is the first systematic review and meta-analysis to assess the effect of cell therapies in murine models of acute myocardial infarction.
In contrast to previous meta-analyses addressing large animals [13, 38] and humans [49] , pluripotent stem cells and their derivatives have been included.
Furthermore, the magnitude of LVEF improvement is strikingly similar to results obtained from the most extensive meta-analysis of large animal models [13, 38] . This emphasizes the high relevance and reliability of the mouse model for evaluating the effect of new cell types for cardiac repair. 
